We have developed a guinea pig model of iron overload toxicity. Animals were administered intraperitoneal iron dextran 3 times a week to achieve total body iron load of 0.25,0.5 1.0, 1.5, and 2.0 g Fe/kg body weight in less than 30 days. Quantitation of tissue iron levels with atomic absorption indicated increased iron deposition in liver and heart of the iron-loaded guinea pigs (p -= 0.001). Additionally, the iron-loaded pigs demonstrated decreased nuclear magnetic resonance spectropscopy T1 relaxation times in both liver and heart (p < 0.001). Serum iron, total body iron capacity, and transfenin saturation values were also determined in guinea pigs treated with 0.25,0.5, and 1.0 g Fe/kg body weight. Serum iron and total iron-binding capacity were significantly increased at 0.5 and 1.0 g Fe/kg; transfemn saturation was elevated at 0.25 and 1.0 g Fe/ kg. Histologic examination of liver, heart, and bone marrow as well as ultrastructural studies on liver and heart confirmed increased iron deposition in treated animals. At the low iron dose level of 0.5 g Fe/kg, liver iron particles were primarily confined to Kupffer cells with minimal hepatocellular localization. Increased hepatocellular iron deposition was observed with larger doses of loaded iron. Myocardial iron was most prominent in interstitial cells of the epicardium, endocardium, myocardium, and coronary adipose tissue. Ultrastructurally, the presence of iron particles in pennuclear, membrane-bound structures (consistent with lysosomes) was confirmed using x-ray microanalysis. These morphological studies suggest that in this animal model siderosis of hepatic mononuclear phagocyte and myocardial interstitial cells may be the initial lesions leading to further biochemical and functional abnormalities. Correlation between tissue iron measurements and both light and electron microscopic changes, presented in this report, serve to introduce the iron-loaded guinea pig as a model for the study of iron-induced tissue damage.
INTRODUCTION
Iron overload disorders, both acquired and inherited, are associated with functional impairment of the liver, heart, and endocrine organs. Study of the pathophysiology of iron excess has been hampered by the lack of an animal model that faithfully mirrors iron overload toxicity as observed in humans. Developed animal models have previously been cumbersome, requiring up to 12 mo of iron loading before experimentation can begin (8, 9, 13, 15) . The expense of this long preparation time limits the utility of these previously described animal models.
Histological and ultrastructural descriptions of siderosis involving rat liver as well as cultured neonatal rat myocardial cells have been published. However, morphological analysis ofmyocardial siderosis coupled with quantitation of tissue iron has not been described in an in vivo animal model.
Our concurrent studies using myocardial and hep?& tissue demonstrate abnormal lysosomal membrane stability and lipid peroxidation in guinea pigs receiving intraperitoneal injections of iron dextran (1). This study compliments these biochemical and functional studies with companion measurements of tissue iron levels as well as both light and ultrastructural investigations of hepatic and myocardial tissues in iron dextran-loaded guinea pigs. Collectively, these studies characterize the iron-loaded guinea pig as a model to facilitate the study of iron overload toxicity; guinea pigs are loaded with.iron and ready for experimentation in less than 4 wk. was injected intraperitoneally on alternate days to achieve total iron loading levels of 0.25, 0.5, 1.0, 1.5, and 2.0 g Fe/kg body weight for study of tissue iron concentrations and morphologic evaluation. For detennination of serologic values, iron loading levels of 0.25, 0.5, and 1.0 g Fe/kg were achieved. Controls received an equivalent quantity of dextran. Animals were sacrificed 1 wk after iron loading was completed. For serologic and histologic studies, animals were anesthetized with a combination of phenobarbital and ether and subsequently euthanized by phelebotomy via the aorta using a 1 0-cc syringe with a 20-gauge needle. Histologic evaluation was performed on portions of liver and heart (all regions except the left ventricle) fixed in 10% buffered formalin; multiple sections of paraffin-embedded tissues were stained with both hematoxylin and eosin (H&E) and Prussian blue. For ultrastructural assessment of the liver, guinea pigs were anesthetized as previously described. After ventral midline' incision, the portal vein was isolated, cannulated, and perfused with cold (4°C) Krebs Ringer bicarbonate solution (PH 7.4) followed by cold 2.5% glutaraldehyde in 0.17 M sodium cacodylate buffer (PH 7.4) for 5-10 min. Upon adequate fixation, the liver was removed and stored in glutaraldehyde. Portions of left ventricle were prepared for ultrastructural evaluation by sectioning blocks (1 mm2) of myocardium within ice-cold 2.5% glutaraldehyde in 0.17 M sodium cacodylate buffer (pH 7.4). Samples of both liver and heart were washed several times in 0.085 M sodium cacodylate buffer for 5 min and subsequently postfixed with 1% osmium tetraoxide in 0.085 M sodium cacodylate buffer. After postfixation, samples were thoroughly washed and stained en bloc with 0.5% uranyl acetate in 0.05 M maleic acid buffer for 30 min. Samples were washed with maleic acid buffer, dehydrated through a graded series of ethanol, and subsequently embedded in Epon 8 12 resin, Thin sections were cut on a Sorvall MT 6000 ultramicrotome with diamond knives, mounted on 200-mesh copper grids, and viewed on a Philips 300 electron microscope operating at an acceleration of 60 kV.
Sertirn Iron, Seriun Total Iron-Binding Capacity, and Transferin Saturation.
Serum iron, total ironbinding capacity (TIBC), and transfemn saturation were determined colorimetrically using ferrous ammonium sulfate as a standard (Stanbio Laboratory, Inc., San Antonio, TX) (18) . This method was a modification of that reported by Persijin et a1 (1 8), employing the chromogenic compound, ferrozine, as described by Stookey (2 1).
X-ray Microanalysis. For x-ray microanalysis, glutaraldehyde/paraformaldehyde-fixed (postfixation with 2% OsO,) left ventricular myocardial tissue was carbon-coated and left unstained. Analytical electron microscopy was performed using a JEOL 100 CX I1 with STEM attachment and a Link Systems AN 10000. The tissue was examined in the scanning transmission.mode at 100 kV with a 30" tilt for 300 sec.
BoneMarrow Iron. Bone marrow iron stains were performed using Malloroy's technique (1 4).
Tissue Iron Measurements by Aloinic Absorption. Following sacrifice, 1 lobe of the liver and a portion of myocardium were perfused with saline to remove blood and stored at -20°C. After homogenization, tissue samples were prepared for atomic absorption (AA) using nitric acid digestion. Dried tissue (24 h at 120°C) was placed in a 15-ml Tuftainer (Pierce Chemical Co., Rockford, IL) and nitric acid (Ultrex, J. T. Baker) was added, 1 .O ml HN03 per 0.2 g dried tissue, and incubated for 16 h at 50°C and then diluted with doubly distilled (dd) water, 3.5 ml dd H,O per 1 .O ml HNO,. After centrifugation at 2,700
x g for 10 min, 1 ml aliquots in sealed containers were stored at 4°C. Iron determinations were performed on a Varian Techtron Model AA-1475 AA spectrophotometer with an STA-95 Graphite Tube Atomizer and a programmable autosampler. Standard operating conditions were set as follows: samples in the graphite furnace were heated to 75"C, dried for 60 sec at 90°C and 12 sec at 120°C, ashed at 2,300"C for 1.1 sec, and atomized for 2.0 sec, and the tube cleaned for 1.1 sec at 2,300"C. Tissue samples were analyzed by injection of 10 p1 of appropriate dilutions. Readings were obtained from a standard curve generated with Sigma Iron AA standard solution, 995 pg Fe/ml in 1% HCl.
Nuclear Magnetic Resonance Spectroscopy. Spinlattice relaxation time constants (Tl; sec) of heart (x.x +-.x g; n = x) and liver (x.x f .x g; n = x ) sp+iir)les were determined using proton nuclear magnetic resonance' (1 H-NMR) spectroscopy. Frozen tissue samples were thawed to room temperature (23"C), wrapped in parafilm, and secured in a 4-turn Helmholtz coil. The coil was made of 1-mm-thick copper foil and affixed in a 10-mm probe tuned to the proton frequency (400.131 MHz). The probe was inserted in the superconducting magnet (field 9.4 Tesla) of a Bruker AM 400 wide-bore (74 mm) spectrometer (Billerica, MA) interfaced with an Aspect-3090 computer. When possible, room temperature shim coils were adjusted to maximize mag- netic field homogeneity. The 90" pulse was determined, and its duration typically was 90 psec with 6-db receiver attenuation. Spectral width was 20 kHz using quadruture detection and 8,000 data points/scan. T1 measurements were made using an inversion-recovery pulse sequence. TI values were calculated from the Fourier transform of the free induction decay signal using the null method (6).
Statistical Analysis. Statistical comparisons were performed using the Student's t-test and Bonferroni's correction for more than 2 groups. Percentage values were normalized by arcsine square root percentage transformations.
RESULTS

Sertiin Iron, Serirtn TIBC, and Tratisferrin Sat irrat ion
Significant elevations in serum iron values occurred in iron-treated animals at total iron doses of 0.5 (837. (Table I) .
Tissue Iron Meastrrettients (Atontic Absorption)
Atomic absorption (AA) quantitation of tissue irons, when compared to controls, demonstrated significant deposition of iron in both liver and heart (Fig. 1) . In general, animals loaded with increasing amounts of iron had increased tissue levels. The direct relationship between amount of iron loaded and measured tissue concentrations was more evident in the liver than in the heart. Iron-loaded animals had more iron in their hearts and livers than controls (p < 0.001).
NMR Spectroscopy
When compared to controls, T1 relaxation times measured with NMR spectroscopy were shortened in the iron-lodded animals (p < > 0.001) (Fig. 2) .
Iron particles (IPS) were observed in sections of H&E-stained myocardial and hepatic tissues. (The term iron particles is used throughout the paper because the histologic and ultrastructural features of hemosiderin and femtin are indistinguishable.) Sections of liver and heart from dextran-treated controls were normal.
Liver. Prussian blue staining demonstrated IPS within Kupffer cells in all areas of the hepatic lobule. In contrast to previous models, neither a preferential periportal nor centrilobular distribution of IPS was observed. Iron staining was observed exclusively within cells of the hepatic sinusoids (predominantly Kupffer cells) and not hepatocytes in guinea pigs administered 0.5 g Fe/kg (Fig. 3A) . However, with increasing iron loads hepatocellular IPS became clearly discernible, especially at the highest iron dose (Fig. 3B) .
Heart. Iron was demonstrable in all areas of the heart, particularly lining the epicardium (Fig. 4A) and endocardium (Fig. 4B) and within interstitial macrophages of the subepicardial connective tissue ( Fig. 4C) . Slightly smaller amounts of iron located in interstitial cells was observed in the myocardium (Fig. 4D) . In addition, atrial myocardium contained IPS with a distribution similar to that described for ventricular myocardium. The total quantity of iron appeared to increase moderately with increments of iron load.
TOXICOLOGIC PATHOLOGY
Bone Marrow. When compared to controls (Fig.   5A) , increased marrow deposition of IPS was observed in all iron-loaded animals ( Fig. 5B-D) . After evaluating the iron-stained marrows for IPS, aggre:
gates of Ips, and blocks of iron-staining material, it appeared that increased iron loads resulted in increased marrow iron.
Electron Microscopy
Liver. Ultrastructural findings confirmed histologic observations. Kupffer cells from iron dextrantreated guinea pigs (0.5 g Fe/kg) contained densely packed IPS within numerous membrane-bound lysosomes, i.e., siderosomes (Fig. 6A) . Similar electron-dense siderosomes were not demonstrated within Kupffer cells of dextran-treated control animals ( Fig. 7A) . As total iron dose increased to 1.5 g Fe/kg, iron-laden siderosomes were occasionally observed within hepatocytes (Fig. 6B) ; however, siderosomes were absent in hepatocytes of dextrantreated control guinea pigs (Fig. 7B) .
Heart. Electron microscopic assessment indicated that iron loading did not induce structural alterations in cardiac myofibers (Fig. 8A) when compared to control animals (Fig. 8B) . Myofibers from iron dextran-treated guinea pigs lacked evidence of necrosis, atrophy, degeneration, dilation of sarcopiasmic reticulum, or lipofuscinosis. Mitochondria we;e'.gbundant; .however, many contained vacuolated, disrupted cristae due to fixation artifact. At the highest iron dose (1.5 g Fe/kg), occasional interstitial mesenchymal cells contained abundant IPS within membrane-bound siderosomes (Fig. SC) , which was confirmed by analysis using scanning transmission electron microscopy (Fig. 9 ). guinea pigs receiving intraperitoneal iron dextran. Increased tissue iron uptake was demonstrated by light microscopy of liver, heart, and bone marrow and was in agreement with increased tissue iron levels measured by atomic absorption. Changes demonstrated by NMR spectroscopy suggest that this. technique may be developed in the future for nohhvasive estimates of tissue iron. The morphologic presence of iron compliments concurrent studies showing enhanced lysosomal fragility and membrane peroxidation and further characterizes the iron-loaded guinea pig as a model for investigation of iron toxicity (1).
DISCUSSION
Although the iron-treated guinea pigs did not gain weight as rapidly as their age-matched controls, at the time of sacrifice they did not appear ill. A pilot experiment aimed at a more rapid iron loading did result in apparent illness as evidenced by a rough-ening of the animal's fur and premature demise of several guinea pigs.
Although our AA measurements of tissue irons were performed using dry tissue weights, the range of iron tissue concentrations in the liver (5.029-16.448 mg Fe/g dry weight) compares to wet weight measurements reported for patients with homozygous hereditary hemochromatosis (4.860-14.170 mg Fe/pg wet weight) (4).
Previous attempts to create an animal model for iron overload have used various forms of iron, each differing in deposition sites. Injected iron-nitrilotriacetate and dietary carbonyl iron preferentially accumulate in hepatocytes with minimal deposition within Kupffer cells, whereas iron dextran primarily deposits in Kupffer cells and, to a lesser extent, hepatocytes (10, 16, 17) . In contrast, parenteral administration of Jectofer (iron-sorbitol-citric acid complex) leads to aggregation of IPS in both parenchymal and Kupffer cells (8). Furthermore, these prior studies have demonstrated a periportal, as opposed to centrilobular, distribution for carbonyl iron and Jectofer, similar to human hemochromatosis (8, 12) . Histologic findings in our study did not indicate a selective hepatic iron deposition pattern, which is consistent with a previous report (1 7). Iron was initially confined to Kupffer cells and gradually extended to hepatocytes, a pattern morphologically more consistent with secondary rather than primary forms of iron overload. These findings suggest that in this model, as in acquired forms of iron overload, parenchymal iron deposition does not occur until the iron retention capacity of the mononuclear phagocyte system is saturated.
Extensive studies on myocardial siderosis in an animal model have not been reported. Iancu et a1 (lo), however, briefly described the presence of sparse ferritin particles within myocytes and endothelial cells in a carbonyl iron-fed rat model. Findings in this study indicate that injection of iron dextran results in aggregation of IPS in the heart of this model. The demonstration of interstitial cell siderosis (probably fibroblasts and connective tissue macrophages) suggests that in vivo there is an operative defense mechanism resulting in segregation of iron from myocytes. Nevertheless, results of parallel studies using the guinea pig model show significant elevation in myocardial lysosomal membrane fragility with release of acid hydrolases, in addition to increased lipid peroxidation (1). It is important to note that iron-related release of lyso-soma1 enzymes is thought to play a crucial role in the pathogenesis of tissue damage in hemochromatotic patients (1 9) and that other animal models of iron overload have described increased iron in hepatic lysosomes (22) . Collectively, these related studies suggest that liberation Ofhydrolytic enzymes from the interstitial cells or possibly myocardial cells of the heart may initiate the cardiac abnormalities observed in this model and that these biochemical abnormalities occur before iron can be demonstrated by light or electron microscopy in the cardiac myocytes.
Prior reports using neonatal rat cardiac myocytes cultured in the presence of femc ammonium citrate demonstrate that iron uptake is associated with sequestration of iron-filled ferritin into endocytic vesicles and lysosomes ( 3 , increased intracellular concentrations of malondialdehyde, altered cellular contractility, and ultrastructural damage as evidenced by mitochondria1 abnormalities and excessive autophagocytosis (7, 10, 13). Thus, with both the guinea pig in vivo model and cultured rat myocytes the toxicity of excess iron produces morphologic and biochemical alterations.
Numerous clinical reports of myocardial hemosiderosis have described various histologic and ultrastructural changes in both primary and acquired forms of iron overload. Consistent findings among these studies include the presence of regional anatomic differences in ventricular iron deposition with the subepicardial region containing the heaviest iron deposits, intermediate amounts subendocardially and smaller quantities in the midmyocardium (3,5, 14, 20) , and distinct patterns of intracytoplasmic iron distribution (1 3). Sanyal et a1 (20) documented 3 ultrastructural patterns of iron deposition: paranuclear, a small collection of iron adjacent to the myofiber nucleus; perinuclear, a more extensive deposition of iron around the nucleus; and diffuse, maximum quantities of iron present in a diffuse cytoplasmic pattern. These findings supported a previous study (2). Morphologic evaluation of hearts in this study reveal that IPS are particularly prominent in epicardial and endocardial regions with slightly smaller amounts in the ventricular myocardium; similar findings are noted in atria. Ultrastructural assessment, however, clearly demonstrates that IPS accumulate within membrane-bound structures around nuclei of mesenchymal cells.
In control animals, serum iron, TIBC, and transfemn saturation values were consistent with those previously published for the guinea pig (1 1). Normal guinea pig transferrin is highly saturated (approximately 85%) and total saturation is achieved by the administration of nominal amounts of iron. The high degree of normal transferrin saturation and the variability inherent in the technique for quantifying SI and TIBC probably produced the small increase in serum iron compared to TIBC observed in the groups treated with 0.25 and 1.0 g Fe/kg. The increased transferrin saturation observed in normal
